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Modulation of MHC expression 
by interferon‑gamma and its 
influence on PBMC‑mediated 
cytotoxicity in canine mast cell 
tumour cells
Sudchaya Bhanpattanakul 1, Theerawat Tharasanit 2,3, Supranee Buranapraditkun 4,5, 
Achariya Sailasuta 1, Takayuki Nakagawa 6 & Theerayuth Kaewamatawong 1,7*

Immunotherapy is a promising alternative treatment for canine mast cell tumour (MCT). However, 
evasion of immune recognition by downregulating major histocompatibility complex (MHC) molecules 
might decline treatment efficiency. Enhancing MHC expression through interferon‑gamma (IFN‑γ) 
is crucial for effective immunotherapy. In‑house and reference canine MCT cell lines derived from 
different tissue origins were used. The impacts of IFN‑γ treatment on cell viability, expression levels 
of MHC molecules, as well as cell apoptosis were evaluated through the MTT assay, RT‑qPCR and flow 
cytometry. The results revealed that IFN‑γ treatment significantly influenced the viability of canine 
MCT cell lines, with varying responses observed among different cell lines. Notably, IFN‑γ treatment 
increased the expression of MHC I and MHC II, potentially enhancing immune recognition and MCT 
cell clearance. Flow cytometry analysis in PBMCs‑mediated cytotoxicity assays showed no significant 
differences in overall apoptosis between IFN‑γ treated and untreated canine MCT cell lines across 
various target‑to‑effector ratios. However, a trend towards higher percentages of late and total 
apoptotic cells was observed in the IFN‑γ treated C18 and CMMC cell lines, but not in the VIMC and 
CoMS cell lines. These results indicate a variable response to IFN‑γ treatment among different canine 
MCT cell lines. In summary, our study suggests IFN‑γ’s potential therapeutic role in enhancing immune 
recognition and clearance of MCT cells by upregulating MHC expression and possibly promoting 
apoptosis, despite variable responses across different cell lines. Further investigations are necessary 
to elucidate the underlying mechanisms and evaluate IFN‑γ’s efficacy in in vivo models.

Canine mast cell tumours (MCTs) are some of the most common malignant tumours in  dogs1,2. Whilst surgery 
remains the primary treatment for MCTs, it may prove inadequate, particularly in malignant cases that require 
extensive surgical  removal3,4. Chemotherapy and radiation therapy have also been used, but their effectiveness is 
limited. Moreover, the side effects of these treatments can significantly impact the quality of life of the  animal5–9. 
Immunotherapy has emerged as a promising alternative treatment aimed to stimulate immune responses against 
tumours. Recognising the antigens presented by major histocompatibility complex (MHC) molecules on the 
tumour cell surface is one of the important immunological processes that can recognise and eliminate tumour 
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cells. However, several tumours often evade the immune system’s recognition by downregulating MHC expres-
sion or using other immune evasion  strategies10–12.

The relationship between MHC expression and tumour progression remains controversial and depends on 
various factors such as species and tumour types. Several studies revealed that the downregulation or loss of 
MHC expression in metastatic melanoma, triple-negative breast cancer and biliary tract cancer is associated 
with tumour progression and poor  prognoses13–15. By contrast, research in human breast cancer and non-small 
cell lung cancer (NSCLC) demonstrated that a higher MHC expression is correlated with shorter overall sur-
vival  rates16,17. For canine tumours, low MHC expression has been associated with the progression phase of 
canine transmissible venereal tumour (CTVT)18, poor prognosis in B cell  lymphoma19 and mammary gland 
 carcinomas20.

Cancer immunotherapies including chimeric antigen receptor (CAR)-T cell therapy, immune checkpoint 
inhibitors and cytokine therapy are aimed at strengthening the immune system’s ability to recognise tumours and 
restore immune effector  function21–24. Interferon-gamma (IFN-γ) is a well-studied immune substance with potent 
anti-tumour effects, including inducing tumour cell cytotoxicity, increasing MHC-mediated antigen presentation 
and enhancing tumour recognition by antigen-specific  CD8+ and  CD4+ T  lymphocyte25–27. The IFN-γ upregulates 
MHC expression through the JAK-STAT signalling pathway, involving the key transcriptional regulators NLR 
caspase recruitment domain-containing protein 5 (NLRC5) and class II transactivator (CIITA) for MHC class I 
(MHC I) and class II (MHC II),  respectively28–30. Whilst IFN-γ has demonstrated growth-inhibitory effects on 
various canine tumour cell lines, including MCTs, mammary gland tumours and lymphoma cell lines, through 
cell cycle  arrest31, its specific effects on MHC expression in canine MCTs and the interactions with immune cells 
such as lymphocytes and natural killer (NK) cells are not well understood. To address this knowledge gap, we 
developed an in vitro co-culture model using IFN-γ-treated and untreated canine MCT cells with peripheral 
blood mononuclear cells (PBMCs) to investigate their immunological interactions and gain insights into the 
ex vivo immune response. Further research is required to deepen our understanding of these interactions and 
explore potential therapeutic approaches for managing canine MCTs.

This study aimed at optimising in vitro conditions to enhance MHC expression and investigating the cellular 
responses of canine MCT cell lines following treatment by IFN-γ in an MCT-PBMCs co-culture system.

Results
Effect of IFN‑γ on the viability of canine MCT cell lines
In this study, we evaluated the effect of IFN-γ on the viability of canine MCT cell lines. The cells varied among 
cell lines after treatment with different concentrations of IFN-γ. As illustrated in Fig. 1, most of the MCT cell lines 
displayed resistance to IFN-γ, even at the highest concentrations (100 IU/mL), when compared to the control 
group. However, CMMC, VIMC and CoMS exhibited an increased cell viability in almost all conditions, whereas 
a slightly decreased in cell viability was observed in 10 and 100 IU/mL of IFN-γ-treated CMMC and 1 IU/mL 
of IFN-γ-treated VIMC and CoMS. Interestingly, the C18 cell line displayed a greater decrease in cell viability 
than the other cell lines after being exposed to IFN-γ treatment for 48 h.

Effect of IFN‑γ on the expression of MHC I, MHC II and MHC transregulator genes
The relative mRNA expression levels of NLRC5, MHC I, CIITA and MHC II genes were quantitatively assessed at 
three time points (24, 48 and 72 h) following IFN-γ treatment. The results revealed variations in the responsive-
ness to IFN-γ among the different canine MCT cell lines (Fig. 2). A significant upregulation of these genes was 
observed at 24 and 48 h, indicating a positive response to IFN-γ stimulation. However, at 72 h, the expression 
levels showed a gradual decline in most cell lines. It is worth noting that the expression patterns of NLRC5 and 
CIITA in the C18 cell line, as well as that of MHC II in the CMMC cell line treated with IFN-γ at a concentration 
of 100 IU/mL, deviated from the general trend observed for the other cell lines.

IFN‑γ induced MHC I and MHC II expression at the cell surface level
Flow cytometry analysis was employed to investigate the expression of MHC I and MHC II on the cell surface, 
and the obtained results were consistent with the findings from RT-qPCR. The expression levels of MHC I and 
MHC II were categorised into four groups: cells that did not express either MHC I or MHC II (MHC  I−/II−), cells 
expressing only MHC I (MHC  I+/II−), cells expressing only MHC II (MHC  I−/II+) and cells expressing both MHC 
I and MHC II (MHC  I+/II+) (Fig. 3). Among the cell lines, the C18 cell line exhibited the highest proportion of 
cells expressing MHC  I+/II+ both before and after treatment with IFN-γ. In the absence of treatment, the CMMC 
cell line had the highest proportion of MHC  I−/II+ expression, followed by MHC  I−/II−, MHC  I+/II+ and MHC 
 I+/II−, respectively. Conversely, the untreated CoMS and VIMC cell lines predominantly showed MHC  I−/II+ 
expression, followed by MHC  I+/II+, MHC  I−/II− and MHC  I+/II−, respectively. After IFN-γ treatment, there was 
a notable increase in the proportion of cells expressing MHC  I+/II+ in the CMMC, VIMC and CoMS cell lines.

After analysing the results from RT-qPCR and flow cytometry, the optimal condition to enhance MHC 
expression in the co-culture experiment was determined to be IFN-γ treatment at a concentration of 10 IU/
mL for 48 h. Under this condition, the percentages of MHC  I+ and MHC  II+ expression were as follows: C18 
(100.00% ± 0.00% and 100.00% ± 0.01%), CMMC (43.67% ± 0.14% and 94.64% ± 0.29%), VIMC (7.16% ± 1.18% 
and 92.87% ± 0.20%) and CoMS (29.25% ± 5.14% and 98.01% ± 1.32%) (see the statistical analysis data in Sup-
plementary File 2 Table 1 and gating strategy in Supplementary Information, Fig. S1).

Effect of IFN‑γ on apoptosis in canine MCT cell lines during co‑culture with PBMCs
In the PBMCs-mediated cytotoxicity assay, flow cytometry analysis was performed to evaluate the populations of 
early, late, and total apoptotic cells in all canine MCT cell lines after treatment with IFN-γ (Fig. 4). The analysis 
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included various target-to-effector ratios (MCT cells to PBMCs: 1:25, 1:50, and 1:100) to comprehensively assess 
the impact of IFN-γ across different experimental conditions. The statistical analysis showed no significant dif-
ferences in overall apoptosis between the treated and untreated groups across all ratios, indicating that IFN-γ 
treatment did not universally enhance apoptotic cell death in these cell lines. However, the data showed that the 
percentages of late and total apoptotic cells in the IFN-γ treated groups tended to be higher than in the untreated 
groups in the C18 and CMMC cell lines. In contrast, the VIMC and CoMS cell lines did not exhibit this pattern. 
These observations indicate a variable response to IFN-γ treatment among the different canine MCT cell lines. 
The complete raw data for each cell line, including the detailed percentages of apoptotic cells at each target-to-
effector ratio, were provided in the supplementary information.

Discussion
During tumour development, tumours employ various strategies to evade recognition and elimination by the 
immune system. One well-documented mechanism for immune escape is the loss of MHC molecules on the 
surface of tumour  cells32,33. Notably, IFN-γ is a promising therapeutic agent for canine atopic  dermatitis34,35 
and plays a significant role in cell-mediated immune responses, particularly in its pleiotropic effects on antigen 
presentation through MHC molecules. These effects include the direct upregulation of MHC expression and the 
enhancement of antigen processing and loading by upregulating key components involved in these processes, 
such as proteasomal subunits LMP2 and LMP7, transporters associated with antigen processing (TAP) proteins 
and the proteasome  regulator36,37. Our study provides further evidence of the ability of IFN-γ to upregulate MHC 
expression in canine MCT cell lines, consistent with previous reports such as in mouse models of prostate cancer 
and devil facial tumour  cells38,39. However, despite these potential benefits, a comprehensive understanding of 

Figure 1.  Cell viability after IFN-γ treatment was determined using the MTT colorimetric assay at 24-, 48-, 
and 72 h post-treatment (hpt). The results presented the percentage of viable cells compared to the control 
group, with error bars representing the standard deviation. The mean was calculated from three independent 
experiments (*p < 0.05, **p < 0.01, ***p < 0.001).
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the anti-tumour activity of IFN-, both in vitro and in vivo, is still lacking, necessitating controlled studies to 
assess its efficacy. Whilst large-scale clinical trials are essential for definitive evaluation, preliminary in vitro and 
in vivo investigations provide valuable insights into the underlying mechanisms of the anti-tumour activity of 
IFN-γ, contributing to a better understanding of its therapeutic potential.

In our study, we investigated the effect of IFN-γ treatment on the viability of canine MCT cell lines. Interest-
ingly, most of the MCT cell lines exhibited resistance to IFN-γ treatment, even at high concentrations, which 
contrasts with a previous study reporting decreased cell proliferation in canine MCT cell lines upon IFN-γ 
 treatment31. The underlying reasons for these varying sensitivities among cell lines were not elucidated in our 
study. Previous research suggests that defects in IFN-γ receptors and downstream signalling molecules, as well 
as differences in genetic makeup and physiological properties, may contribute to these variations in sensitivity 
across different cell  lines36,40,41. Moreover, IFN-γ, known for its antiproliferative effects, can paradoxically promote 
cell viability and tumour progression through anti-apoptotic pathways and stemness induction. Variations in 
IFN-γ receptor (IFNγR) polymorphisms, as observed in IFNγR1-deficient HT-29 cells, suggest a role in regulat-
ing EGFR/Erk1/2 and Wnt/β-catenin  pathways42. Human cancer cells such as DAMI, MDA-MD-468, and PC3 
show that the C-terminal region of IFNγR2 contains a Bax inhibitory domain, suggesting resistance to apoptosis 
independent of JAK/STAT  signaling43. Moreover, IFN-γ activates nNOS-NO signaling, leading to elevated NO 
levels, which can facilitate melanoma growth and aid immune evasion by upregulating PD-L144. IFN-γ induces 
PD-L1 and PD-L2 expression for tumour immune evasion, thereby hindering T-cell  responses45,46. Furthermore, 
low doses of IFN-γ activate ICAM1-PI3K-Akt-Notch1 signaling, enhancing CD133 expression and promoting 
cancer stemness in non-small cell lung  cancer47.

Furthermore, our investigation of MHC I and MHC II molecule expression revealed a significant increase in 
both gene and protein levels following IFN-γ treatment. However, we observed variations in the responsiveness 
to IFN-γ among the canine MCT cell lines, highlighting the complex and heterogeneous nature of the cellular 
response to this cytokine or potential alterations in the IFN-γ signalling pathway. Notably, MCT cell lines derived 
from mucosal origin exhibited lower MHC expression levels both before and after IFN-γ treatment, suggesting a 
potential loss of responsiveness to IFN-γ or dysfunction in the MHC antigen presentation pathway. These find-
ings imply that these cell lines may be less susceptible to immune recognition and attack. Impairments in MHC 

Figure 2.  Effects of IFN-γ on the expression of MHC I, MHC II, and MHC Transregulator genes in canine 
MCT cell lines. RT-qPCR analysis was conducted to assess the relative mRNA expression levels of NLRC5, 
MHC I, CIITA, and MHC II genes at different time points following IFN-γ treatment in C18 (A), CMMC (B), 
VIMC (C), and CoMS (D) canine MCT cell lines.
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antigen presentation can arise from defects in the antigen processing and presentation pathway or alterations in 
key components involved in MHC assembly and  transport33,37,38,48. For instance, alterations in components such 
as tapasin, TAP, or β2-microglobulin can disrupt MHC I presentation, whereas mutations in the CIITA gene, 
responsible for regulating MHC II expression, can affect MHC II  presentation33,37,48–51.

Our findings suggest a potential application of IFN-γ as an anti-cancer agent for canine MCTs. While our 
study did not show a statistically significant difference in cell apoptosis between IFN-γ treated and untreated 
groups, we observed a trend where the percentages of late and total apoptotic cells were higher in the IFN-γ 
treated groups in the C18 and CMMC cell lines, both of which are of cutaneous origin. In contrast, the VIMC and 
CoMS cell lines, which are of mucosal origin, did not exhibit this pattern. These variations and lack of statistical 
significance may be due to heterogeneity in each cell line’s response to PBMCs and the low sample size of the 
co-culture experiment in our study. This observation aligns with previous studies that have demonstrated the 
ability of PBMCs to induce cancer cell apoptosis through both intrinsic and extrinsic pathways. These pathways 
involve the release of perforin and granzyme B as well as the engagement of death receptors such as FasL/FasR 
and tumour necrosis factor (TNF)-α/TNFR152–57. It’s worth noting that IFN-γ can induce PD-L1 and PD-L2 
expression, potentially facilitating tumour immune  evasion58–61. In our research, we assessed PD-L1, PD-L2, and 
PD-1 expression in IFN-γ-treated MCT cell lines. While we observed increased expression levels, they were not 
statistically significant compared to untreated cells (detailed data are shown in Supplementary File 3). As for the 
results of PD-L1, PD-L2, and PD-1 expression, there was no statistically significant difference between the IFN-
γ-treated and untreated groups. This suggests that these surface markers might not be involved in the tumour 
immunoregulatory mechanisms of PBMCs in IFN-γ-untreated and treated MCT in our study. Furthermore, 
our results indicate that treatment with IFN-γ enhances the expression of both MHC I and MHC II molecules 
in these cell lines, potentially promoting immune recognition and clearance of MCT cells by activated PBMCs. 
We also observed variations in the expression levels of MHC and the rates of apoptosis among different canine 
MCT cell lines, with cutaneous-origin cell lines exhibiting higher MHC expression and a greater propensity 
for apoptosis compared to mucosal-origin cell lines. These findings are consistent with the notion that canine 
mucosal MCTs have a more unfavourable prognosis compared to cutaneous MCTs, indicating potential differ-
ences in their biological characteristics and responses to therapeutic  interventions62. The observed heterogeneity 

Figure 3.  Effects of IFN-γ on MHC I and MHC II surface expression in canine MCT cell lines were evaluated 
by flow cytometry. The result is represented as a stacked bar graph for each cell line. Our findings indicate that 
CMMC, VIMC, and CoMS had a higher proportion of MHC I expression in all conditions after exposure to 
IFN-γ, in comparison to the control group. Notably, the C18 cell line displayed the highest proportion of MHC 
I+/II+ both before and after IFN-γ treatment.
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among MCT cells underscores the need for further investigations into their immunogenicity and susceptibility 
to treatments, such as IFN-γ-induced cytotoxicity, to develop effective therapeutic strategies.

Conclusions
In conclusion, our study provides valuable insights into the effects of IFN-γ on viability, MHC expression and 
apoptosis in canine MCT cell lines. The induction of apoptosis and upregulation of MHC expression support the 
potential therapeutic value of IFN-γ in the treatment of MCT in dogs. Further investigations with a good sample 
size are warranted to elucidate the underlying mechanisms of IFN-γ-induced apoptosis and to evaluate its efficacy 
in in vivo models. Understanding the interplay among IFN-γ, MHC antigen presentation and immune responses 
will contribute to the development of novel immunotherapeutic approaches for the treatment of canine MCTs.

Figure 4.  Comparison of the percentages of apoptotic cells between untreated and IFN-γ treated canine MCT 
cell lines across different target-to-effector ratios (MCT cells to PBMCs: 1:25, 1:50, and 1:100), evaluated using 
flow cytometry. The analysis showed no significant differences in apoptosis between the treated and untreated 
groups across all ratios. Additionally, the percentages of late and total apoptotic cells in the IFN-γ treated groups 
tended to be higher than in the untreated groups in the C18 and CMMC cell lines, in contrast to the VIMC and 
CoMS cell lines.
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Materials and methods
Experimental protocols
All procedures were performed according to protocols approved by Chulalongkorn University of Animal Care 
and Use (IACUC), Thailand (protocol no. 2131049), and Chulalongkorn University Faculty of Veterinary Science 
Biosafety Committee (CU-VET-BC), Thailand (protocol no. 2031029).

Cells and cell culture conditions
Four canine MCT cell lines (C18, CMMC, VIMC and CoMS) at passages 50–60 were used in this study. C18, 
an in-house established cell line, originates from a high-grade cutaneous MCT in a dog. A 13-year-old intact 
female Shih Tzu with a high-grade MCT in the right fourth mammary gland presented symptoms of depression, 
dehydration, and abdominal discomfort. Blood tests revealed anemia, leukocytosis, hypocalcemia, hyperphos-
phatemia, elevated ALP and BUN, and hypoproteinemia. Despite surgery, the dog succumbed 6 days later due 
to worsening condition. Histological analysis revealed an infiltrative subcutaneous MCT mass with densely 
packed, round cells displaying distinct borders, abundant basophilic granules, and moderate anisocytosis and 
anisokaryosis. Toluidine blue staining confirmed cell positivity. Cells were isolated using the tissue explant 
method and cultured in high-glucose DMEM (12800, Gibco) supplemented with 10% (v/v) heat-inactivated 
FBS (10270, Gibco), 1 mM l-glutamine (GlutaMAX™, 35050–061, Gibco), 1 mM antibiotic–antimycotic agents 
(Anti-Anti, 15240-062, Gibco), 1 mM nucleosides (EmbryoMax®, Sigma-Aldrich, USA), 1 mM MEM amino 
acids (M5550, Sigma-Aldrich, USA), and 1 mM non-essential amino acids (M7145, Sigma-Aldrich, USA). Cul-
tures were maintained at 37 °C with 5% CO2, with medium changes every 3–4 days. In culture, cells typically 
exhibit a round shape, with anisocytosis and cell sizes ranging from 10 to 25 µm (Supplementary File 1, Fig. S1). 
This cell line can grow and proliferate as suspension cells without the need for supplementary growth factors. 
It has demonstrated remarkable longevity, sustaining cultivation for over 140 passages, equivalent to more than 
1 year, with an average doubling time of 48.85 ± 0.86 h. Additionally, preliminary data indicate the expression of 
c-kit and tryptase at both the gene and protein levels, as assessed by RT-PCR and flow cytometry, respectively (S 
Bhanpattanakul, 2023, unpublished data). The other three reference cell lines were kindly provided by the Labora-
tory of Veterinary Surgery, Graduate School of Agricultural and Life Sciences, University of Tokyo. The CMMC 
originated from canine cutaneous MCT, while the VIMC and CoMS were derived from mucosal  MCT63,64. All 
cell lines were propagated in a complete culture medium, which consisted of Roswell Park Memorial Institute 
(RPMI)-1640 medium (Gibco) supplemented with 10% (v/v) heat-inactivated foetal bovine serum (FBS, Gibco), 
1% (v/v) antibiotic–antimycotic (Gibco) and 1% (v/v) l-glutamine (Gibco). The cells were cultured in a humidi-
fied atmosphere containing 5%  CO2 at 37 °C.

Study of the effect of recombinant canine‑interferon‑gamma (IFN‑γ) on canine MCT cell lines
Treatment of canine MCT cell lines with IFN‑γ
Each canine MCT cell line was seeded at 2 ×  105 cells/mL and treated with IFN-γ (781-CG-050, R&D Systems, 
USA) at a concentration of 0 (control group), 1, 10 and 100 IU/mL. After 24, 48 and 72 h of treatment, cells were 
harvested and evaluated for cell viability, expression of MHC-related genes and quantitative MHC expression. 
The appropriate IFN-γ concentration, which can enhance MHC I and MHC II expression in all cell lines, was 
chosen for the PBMC-mediated cytotoxicity test.

Evaluation of cell viability
Cell viability was evaluated using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) 
assay. Briefly, the cells were pelleted, and 1 mL of 0.5 mg/mL MTT reagent (Invitrogen, USA) was added, followed 
by incubation for 2 h in a humidified atmosphere at 37 °C, 5%  CO2. Afterward, the solution was discarded, and 
1 mL of dimethyl sulfoxide (DMSO; Thermo Fisher Scientific INC., USA) was added. After the cells and dye 
crystals were solubilised, absorbance was measured using a microplate reader (TECAN, HydroFlex™ Platform, 
Austria) at a wavelength of 570 nm. The results were reported as the mean percentage viability of the treated 
cells compared to that of the control group.

Determination of MHC I, MHC II and MHC transregulator gene expression
To explore the levels of MHC and MHC transregulator gene expression after IFN-γ treatment, quantitative 
reverse transcription polymerase chain reaction (RT-qPCR) was performed. The total RNA was extracted from 
cells in each condition using the RNeasy mini kit (Qiagen, Hilden, Germany) and processed following the 
manufacturer’s instructions. The total RNA quantity was determined using a Nanodrop 2000 spectrophotometer 
(ThermoFisher Scientific INC., USA), and the RNA was immediately stored at -80 °C until use. The genomic DNA 
was treated with DNase I (Promega, WI, USA). The cDNA was synthesised using the SuperScript™ III First-Strand 
Synthesis System for RT-PCR (Invitrogen, USA), and the qPCR was performed on a Bio-Rad CFX96 Touch™ 
Real-Time PCR Detection System (Bio-Rad Laboratories, Hercules, CA, USA). Each qPCR reaction mix (15 µL) 
was comprised of KAPA SYBR® FAST qPCR Kits (KK4600, Kapa Biosystems, Woburn, MA, USA), 200 nM of 
each primer (final concentration) and 10 ng cDNA. Nuclease-free water was used as no-template control. Thermal 
cycling was performed as follows: Stage 1 at 50 °C for 2 min, Stage 2 at 95 °C for 5 min, followed by 40 cycles of 
denaturation at 95 °C for 15 s and 60 °C for 30 s, with annealing/extension at 72 °C for 1 min. All qPCR reactions 
were performed in triplicate in three independent runs. Data are reported as the relative expression difference 
between the IFN-γ-treatment and the control group. The relative expression levels of NLRC5, MHC I, CIITA 
and MHC II genes were normalised to a stable reference gene (RPS5). The specific primers are shown in Table 1.
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Analysis of MHC I and MHC II expression on the cell surface
For assessment of the MHC expression, cells of each condition were analysed using flow cytometry. Briefly, the 
cells were washed twice with phosphate-buffered saline (PBS) solution and blocked via non-specific binding using 
0.1% bovine serum albumin (BSA) solution at 25 °C for 20 min. Subsequently, the cells were labelled with the 
primary antibodies anti-MHC I (mouse monoclonal, 1:200, DG-H58A, Novus Biologicals, USA) and anti-MHC 
II (rabbit polyclonal, 1:500, ab180779, Abcam, USA) at 4 °C overnight. Afterward, the cells were washed with PBS 
and incubated with the secondary antibodies: TRITC-conjugated goat anti-mouse IgG (1:500, T5393, Sigma-
Aldrich, USA) and FITC-conjugated goat anti-rabbit IgG (1:500, 11-4839-81, Thermo Fisher Scientific INC., 
USA) at 37 °C for 1 h in the dark, followed by washing with PBS and fixation with 2% (w/v) paraformaldehyde. 
The MHC expression was analysed using a BD FACSCalibur flow cytometer (BD, USA) with the BD CellQuest™ 
Pro software. The results are shown as the percentages of MHC I- and/or MHC II-positive cells.

PBMCs‑mediated cytotoxicity assay
Preparation of PBMCs
Peripheral blood samples were obtained from five healthy beagle dog donors. The samples were centrifuged at 
3000 rpm at 25 °C for 10 min, and the supernatant was discarded. The cells were resuspended with 10 mL of cul-
ture medium, carefully layered onto 4 mL of Histopaque®-1077 (H8889, Sigma, USA) and centrifuged at 2200 rpm 
25 °C for 20 min with the brake turned off. After centrifugation, the white layer of PBMCs at the interphase was 
gently harvested by aspiration using a Pasteur pipette and transferred to a new tube. Subsequently, the PBMCs 
were washed twice with 20 mL of culture medium and centrifuged at 2000 rpm at 25 °C for 10 min. The isolated 
PBMCs were cryopreserved at -80 °C until later use.

PBMC‑mediated cytotoxicity assay
The isolated PBMCs were activated with mitomycin C-treated MCT cell lines (with or without IFN-γ treatment) 
for 14 days before cytotoxicity analysis. The isolated PBMCs were cultured in RPMI-1640 medium supplemented 
with 10% (v/v) heat-inactivated FBS (10270, Gibco), 1 mM l-glutamine (GlutaMAX™, 35050-061, Gibco), 1 mM 
antibiotic–antimycotic agents (Anti-Anti, 15240-062, Gibco), and 100 U/mL of recombinant human interleukin-2 
(rhIL-2). Half of the medium was discarded and replaced with fresh medium every 3 days. The diagram illustrat-
ing the activation of isolated PBMCs is provided in Supplementary Information, Fig. S2. For cytotoxicity testing, 
a total of 1 ×  105 fresh IFN-γ-treated MCT cell lines (target cells) were seeded for 30 min, and subsequently, the 
PBMCs were co-cultured at the different target-to-effector (T: E) ratios (1:25, 1:50 and 1:100). A monoculture 
of MCT cells served as the control group. After 4 h of co-culture, the cells were collected and analysed for cell 
apoptosis by flow cytometry using the FITC Annexin V Apoptosis Detection Kit with propidium iodide (640914, 
BioLegend, San Diego, CA, USA). Briefly, cells were washed twice with cold BioLegend’s cell staining buffer and 
resuspended in 100 µL of Annexin V binding buffer. Each sample was stained with 5 µL of FITC Annexin V and 
10 µL of propidium iodide and incubated for 15 min at 25 °C in the dark. The Annexin V binding buffer was 
added to each sample to adjust the final volume to 500 µL. Subsequently, the samples were immediately analysed 
using a BD FACSCalibur flow cytometer (BD, USA) with the BD CellQuest™ Pro software.

Statistical analysis
The results are presented as mean ± standard error of the mean (SEM) from three independent experiments. 
Normal distribution was assessed by the Shapiro test. One-way analysis of variance (ANOVA) and Tukey’s mul-
tiple comparison tests were used to determine differences between treatment groups. Differences between each 
time point were examined using repeated measures. The GraphPad Prism software version 9.5.1 was used for all 
statistical analyses; P < 0.05 was considered statistically significant.

Table 1.  Canine-specific primer sequences used for the quantitative polymerase chain reaction. MHC, Major 
histocompatibility complex; NLRC5, NOD-, LRR- and CARD-containing 5; CIITA, Class II transactivator; 
RPS5, Ribosomal protein S5.

Gene Sequence (5′–3′) Accession no. Amplicon size (bp)

MHC I (DLA‑88)
F: CCT GTC CCT AAT CTG ATG TG NM_001014767.1 165

R: AGA CTC AGG AAA CAC AAA CT

NLRC5
F: TGT TCA CTC AAG GAC TAA GC XM_014109337.2 225

R: TCC CTG AGA GGT CTA TCT TC

MHC II (DLA‑DRB1)
F: GTA ATG GAG ACT GGA CCT TC NM_001014768.1 237

R: AGT GTC CCT TCT GAT TTC TG

CIITA
F: CTG AGT GAG AAC AAG ATC GG XM_022420073.1 188

R: ATG TAG TTA TTG TAC AGG CTCA 

RPS5 F: TCA CTG GTG AGA ACC CCC T XM_533568.4 141

R: CCT GAT TCA CAC GGC GTA G
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